The rise in the usage of sustainable energy conversion technologies has been remarkable. However, the growth of these technologies poses several problems, mainly concerning the net integration of intermittent energy sources, like wind and solar power, by means of advanced storage systems and the land consumption the use of these energy sources implies. Furthermore, the economic viability of these solutions is in question, as they are to date still often heavily supported by financial subsidies. The Powership concept attempts to tackle these shortcomings by harvesting wind energy offshore using an alternative infrastructural approach which features a special-purpose ship towed by a high-flying kite. The ship's resulting kinetic energy is partially converted by a water repeller and can either be used to compress and store air in steel tubes (Alternative 1) or to drive a generator which in turn delivers electrical energy to produce hydrogen (Alternative 2). In this study, the economic feasibility of each of the two alternatives is investigated and compared with the other using real options analysis, including both R&D and market risks as stochastic variables driving the option's value. In order to determine the strategic value of managerial flexibility in the face of uncertainty, assumptions concerning the change of the economic environment are made and motivated.
Introduction
The emission of CO 2 from the combustion of fossil fuels is widely considered to be the leading cause of anthropogenic climate change [1] . This is why the majority of countries in the world have committed themselves to decreasing their CO 2 emissions significantly in international agreements, such as the Kyoto Protocol.
In many countries, including Germany, electrical power supplies to date largely rely on big, centralized condensing plants. The increased use of renewable energy sources can be a viable measure to cut CO 2 emissions while simultaneously sustaining or even increasing power production. One of the 2 key technologies in the field of renewable power production is that of wind power. Due to its characteristic intermittent, weather-dependent performance profile, and the lack of suitable storage systems, the integration of this technology into the electricity grid is problematic. Furthermore, the issue of land use is gaining importance with the construction of more onshore wind turbines.
Building wind turbines offshore, where wind conditions are more favorable, can ease the effects of both fluctuating power production and increasing land use. On the one hand, the capacity factor is typically higher than for onshore turbines, and noise emissions are considered to be less critical [2] .
On the other hand, both construction and maintenance costs of offshore wind farms are significantly higher due to the difficult environmental conditions [3] . Furthermore, negative effects of noise and vibration emissions on marine animals can be detected [4] . By using a mobile wind-harvesting platform, the Powership concept aims at exploiting the potential of offshore wind technology while simultaneously avoiding its major disadvantages. A more detailed description of the technological background is given in section 2.3.
As emerging technologies often involve operating in an uncertain environment, the calculation of the project's value includes many unknown variables. At the same time, management is given a certain flexibility to react to unfolding risks. The value of that flexibility is not adequately assessed in classical valuation approaches like the net present value (NPV) calculation. To address this issue, Mun [5] as well as Copeland and Antikarov [6] suggest real options analysis (ROA) as a tool for determining the value of flexibility.
In this paper, we use real options theory to calculate the value of an abandonment option in two different technical configurations of the Powership concept. Starting with a discussion of the technological and economic background in section 2, the analytical framework is introduced in section 3. A conventional NPV calculation for the case of the operation of a Powership in Germany is carried out in section 4, after which the risks driving the option value are identified and included in a Monte Carlo simulation (section 5). In section 6, the robustness of the results is checked by means of a sensitivity analysis. Section 7 concludes.
Technical and economic background

Trends in wind energy use
To fulfill international climate treaties, it is necessary for industrialized countries like Germany to cut back their CO 2 emissions. While several approaches, including smart load management and the use of energy-saving devices, try to solve the problem at the consumer end, the field of power generation needs to evolve towards the use of renewable primary energy carriers instead of fossil fuels in order to meet both power demand and the CO 2 mitigation targets.
The exact way to a more sustainable power supply is not known to date. However, there is a broad consensus that a single technology will not be sufficient to fill the resulting gap. This will result in a significant diversification and decentralization of power generation, in which intermittent energy 3 sources like solar and wind energy will play a key role. Moreover, the extensive use of feed-in tariffs distinctly above market price levels in Germany has led to a remarkable rise in the installed electric capacity ( Fig. 1) . Germany, 1992 Germany, -2011 Source: [7] Against the backdrop of this development, governments have begun to define the necessary legal framework for a massive increase of renewable power production. As an example, the German government recently passed a law on spatial planning in the country's exclusive economic zone (EEZ), which extends 200 miles into the open sea (Fig. 2) .
Fig. 1. Installed wind power capacity in
Fig. 2. Germany's exclusive economic zone (EEZ) in the North Sea
Source: [8] 4
The law allows for 12,000 MW of additional installed wind power capacity until the year 2020 and aims at a total of 25,000 MW offshore-based wind power installations in 2030, mainly in the North Sea. The increased use of wind as an energy source will consequently lead to a replacement of inflexible baseload units, which to date are predominantly coal, lignite, or nuclear power plants [9] .
Shortcomings of existing wind energy technologies
In an electric power grid without considerable storage capacity, as it is the case in Germany and many other countries today, the production and consumption of power have to be balanced at all times to maintain a constant net frequency.
It lies in the nature of wind turbines that their power output depends on the weather conditions and can only be delivered intermittently. Therefore, for successful grid integration, the difference between generated wind power and the consumption profile has to be compensated by additional reserve power generation units with easily adjustable output or cost-efficient storage facilities. Fig. 3 shows an example for the actual load, wind power forecast, and actual wind power production. As can be seen, apart from the mentioned fluctuations, the difference between forecast and reality (i.e. the forecast error) is a further challenge for successful net integration. Fig. 3 . Load curve and actual vs. predicted wind power utilization Source: [10] Different studies have analyzed the potential and economic feasibility of alternative storage technologies, such as compressed air energy storage (CAES; [11] , [12] , [13] ) or "wind gas" (also referred to as "power-to-gas"), i.e., the use of surplus electric energy for the electrolysis of water to produce hydrogen [14] , [15] . Although these technologies will most likely contribute significantly to the grid integration of renewable energies in the longer term, it is doubtful that their extended use will be sufficient to keep pace with the rapid development in the short term. Thus, the balancing of fluctuations in the power grid must at least partially be handled by additional power units, resulting in potential redundancy, a lower average utilization factor, and eventually higher electricity prices for the 5 final consumer. Also, the planned development of offshore wind turbines poses other specific problems, since the construction and maintenance of the actual wind farm and the grid connection are more complicated and expensive than on-shore due to more demanding logistics. Additionally, corrosive environmental conditions enforce the use of more sophisticated materials and engineering solutions.
The Powership concept
Power generation technology
The Powership concept attempts to avoid some of the above-mentioned problems, while simultaneously benefiting from the advantages of wind energy. The basic idea is derived from the SkySails system, in which a high-flying kite connected to an electronic control unit is installed on conventional freight or fishing ships to reduce engine load (Fig. 4) . The company producing the system has estimated the possible fuel savings to lie between 10 and 35% [16] . With the Powership concept, this idea is transferred to the level of power production: a fully automated special purpose ship is towed by a kite (the so-called "Sky Wing") and its kinetic energy converted by a water repeller (Fig. 5 ). This energy can be stored either as compressed air in steel tubes or as hydrogen which is produced by electrolysis. A more thorough description of the different storage systems investigated is given later in this section.
In altitudes of between 200 and 400 m, the wind blows more strongly and more steadily than closer to the surface. Wind forecasts are also more reliable, making it easier to predict the actual wind power production, which will decrease the need for backup power units. Furthermore, the issues of land use and noise emissions play a secondary role in offshore applications.
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Powerships are mobile units. In contrast to stationary offshore wind turbines, they do not need foundations in the seabed and can be assembled, maintained, and repaired in harbors, which may result in cost benefits. Besides, they can be relocated to follow favorable wind conditions, which can result in a higher capacity factor compared to wind turbines. Additionally, the use of Powerships might make it possible to harvest wind energy in sea areas where wind turbines are not applicable due to geological (e.g. the Norwegian continental shelf) or legal (e.g. offshore wind farm Riffgat, see [17] ) constraints. At the same time, underwater cables could become unnecessary due to the characteristics of the energy storage technology concerned (compressed air or hydrogen).
Compressed air energy storage (CAES) system
Compressed air has been used as an energy carrier for a long time, for example in the mining industry.
The technology is established and safe in operation. Its use as a buffer for fluctuations in the power grid is well-documented ( [11] , [12] , [13] ) and technically implemented in two CAES power plants in MacIntosh/USA and Huntorf/Germany, where underground caverns are used as storage spaces.
A major drawback is the thermodynamic feature of gases to become warmer upon compression and colder upon expansion. If the expansion is not executed immediately after the compression, the compressed air will cool down to ambient temperature, especially if the air storage is realized by steel tubes or bottles with a high heat conductance. The energy heat flow through the storage walls is thereby lost and extra energy has to be used to warm up the gas upon expansion again.
A solution to this problem is the innovative A-CAES (Adiabatic compressed air energy storage) technology, which features an additional long-term heat storage [18] . This storage facility, which is implemented by means of a pressure vessel filled with a sand bed or brick stones, cools down the hot compressed air, conserves most of the gained heat, and releases it again upon expansion. The energy flow is depicted in Fig. 6 . Through the use of the heat storage, energy losses to the environment can be minimized in order to increase overall efficiency.
Hydrogen-based energy storage
An alternative to CAES is the offshore production of hydrogen. In this concept, the mechanical energy from the repeller is first converted to electric energy in a generator, which in turn is used to produce hydrogen from demineralized water in an electrolyzer (Fig. 7) . For the sake of system simplicity, the surplus oxygen from the electrolysis is blown off into the atmosphere. From a technical perspective, capturing the produced oxygen would also be a possibility.
Mobile storage technologies for hydrogen are still in an early development stage. Possible solutions are, among others, high-pressure or low-temperature tanks or the storage of hydrogen in metal hydrides. Another promising alternative is the use of an organic substance (N-ethylcarbazole), which can bind hydrogen chemically without prior compression. The tanks needed to store N-ethylcarbazole can be designed and constructed like common gasoline storage tanks, making them considerably cheaper than conventional hydrogen tanks. Moreover, the handling of the tanks is easier, which allows for an exchange of the tanks to supply ships at sea.
Consequently, the Powership itself does not need to interrupt the production of hydrogen for unloading in a harbor.
The produced hydrogen can be marketed in several ways: one possibility is to invest in tanks and a fuel cell on land which can reconvert the hydrogen to electricity. As fuel cells can react to load changes with sufficient speed, this solution has the advantage of being suitable for peak-load utilization, which means that electricity can be produced and sold at high prices during periods of high demand. On the other hand, the stored hydrogen can be sold to both private and business customers directly. Studies [19] , [20] foresee a significant rise in the utilization of renewables-based hydrogen as a sustainable energy carrier, e.g. in the transport sector, which will most likely ensure a demand on a high and stable level [9] .
Investing under uncertain environmental conditions
When making a decision in favor of or against an investment, the investor, to be able to act rationally, strives to gain as much information as possible about uncertainties and risks, but also chances associated with the project. The quality of such a valuation, consequently, depends both on the availability of reliable data and a valuation method which accurately reflects the economic environment.
Classical approaches
Classical valuation approaches like the NPV method are usually based on the analysis of predicted net cash flows. The NPV is then calculated by discounting the expected cash flows over T time periods at the interest rate r to account for the time value of money and by comparing them with the investment cost I 0 at t = 0, cf. eq. (1):
The free cash flows (FCF t ) in eq. (1) are calculated as the expected differences of revenues and costs.
An investor using the NPV method to valuate a project will take the decision to invest if the NPV is positive. If both the interest rate and the future cash flows are known, the NPV reflects the project's value in a clear and easy-to-implement way and provides clear decision guidelines. However, knowing those variables in advance with sufficient precision is anything but easy, especially in long-term investments.
Thus, the NPV method suffers from two major drawbacks: the uncertain estimate of important variables and, maybe more importantly, the assumption that an investment is final and irreversible.
This means that future risks, but also opportunities and the managerial flexibilities to react to them, are not covered by the calculation and hence do not represent any value. However, even intuitively, it is clear that, for example, the flexibility to react to changes in interest rates or cash flows by either liquidating or expanding an investment must have a value when compared to a situation where this flexibility does not exist. Real options analysis (ROA) attempts to define just that value.
Real options analysis
Origin and some basics
Real options have their origin in corporate finance, where an option in general describes the right -but not the obligation -to buy (call option) or sell (put option) an asset in the future by paying or receiving a certain pre-defined price [21] . ROA assumes an analogy between real options and financial options, because managerial flexibilities often follow the pattern described above, which means that the exercising of a real option at a certain time bears a financial value.
The option value is influenced by six variables, as stated in Copeland and Antikarov [6] :
1. The value of the underlying: in corporate finance, the underlying of an option is the actual asset which may be bought or sold by exercising the option. Transferred to real options, the underlying is represented by an investment, an acquisition, or similar. If the value of the underlying changes, so does the option value.
2. The exercise price: represents the amount of money needed to exercise the option, i.e., to buy or sell the asset (financial options) or the flexibility (real options) bound to the option. The higher the exercise price of the option gets, the less attractive is its actual exercising, which is why its value decreases in that case.
3. Time to expiration: the longer it is possible to exercise the option, the more valuable it gets. Options to alter the operating scale: in order to be able to react to market fluctuations on the consumer side, a company can use the options to expand, contract, shut down or restart the production scale. These options are frequently used in consumer goods or natural resource industries and the real estate business.
Option to abandon: if market situations turn out to be less favorable than expected, the abandonment option may be valuable to release project-bound capital, which can then be used otherwise. This possibility makes the abandonment attractive in situations such as the launch of completely new products, where consumer needs and wishes are not known for certain.
Switching option: a company may have the possibility to change its input and output by diversification. For example, the production of steam for the chemical industry could both be done by using electricity or natural gas as an energy carrier, depending on the price. Likewise, a chocolate company could choose to produce either Easter bunnies or Santa Clauses, depending on the season, both times using the same raw material and production line. In both examples, the value of the option lies in the flexibility gained by the ability to react to changes in the economic framework.
Growth option: this term describes the option to expand business operations permanently by acquiring the capability to benefit from future growth opportunities. A possible field of application exists for companies that produce multiple product generations or want to expand to international markets.
As one can imagine from the description provided above, a combination of the different options is possible and the boundaries between them are flexible.
Valuation of real options
The value of options can be determined in many ways, of which closed-form solutions, partialdifferential equations, and binomial lattices are the most common [5] . For closed-form solutions, such as the Black-Scholes model, a system of equations based on a set of assumptions is created.
Although the calculation of the option value can be executed in a quite simple way by inserting variables into the established formulas, the use of the Black-Scholes model is mathematically more demanding and suffers from limited modeling flexibility.
A more intuitive and easily explained way of option valuation is the binomial lattice approach, which is the one used in this study. The basic idea of the concept is that uncertainty at each stage of a project can be described by two alternative states, which are reached with the probability or 1 − , respectively [23] . This is performed by multiplication of the value of the underlying with an upward ( > 1) or downward factor ( < 1) at each step. The factors u and d are calculated as follows:
where denotes the volatility of the rate of return, the lifetime of the option, and the number of time intervals. The volatility parameter combines all the uncertainties in the development of the project's rate of return in one single variable. In a risk-free world, the volatility would be zero and hence the binomial lattice would be a straight line. If the volatility is not zero but can be calculated, a complete lattice showing the possible bandwidth of developments within a certain confidence interval can be created.
Due to the vast number of possible combinations if multiple, different uncertainties are assumed, the determination of is not trivial. Although it is possible to base the calculation on stakeholders'
estimates or historical values, these approaches cannot sufficiently incorporate the interdependencies between the different uncertainties [24] . Therefore, modeling and Monte Carlo simulation, the latter of which is based on numerical random sampling, can be used instead to meet the requirements of an adequate forecast.
Mathematically, the volatility is represented by the standard deviation of the percentage variation in the project value from one time period to the next, denoted by [6] :
where is the project value at time t = {0, 1}, respectively, and 1 the free cash flow at time t = 1. It is important to note that the denominator of the ratio depicted in Eq. (3) remains constant and only the numerator is simulated. The simulation finally yields the standard deviation and thereby the volatility of the rate of return, , which can be used to build up the binomial lattice in accordance with Eq. (2). To do so, the option's lifetime is divided into equal time intervals ∆ . The binomial lattice shown in Fig. 8 depicts three such time intervals.
Fig. 8. Recombining binomial lattice for three time steps
Each value at each time step can be reached by multiplying the base value of the underlying at 0 , which will be named 0 , with the corresponding number of upward and downward movements.
Thus, at the end of the first period, the value of the project can either be 0 or 0 , and so forth.
The fact that and are each other's reciprocals leads to a so-called recombining lattice. This means that at time step 2, for example, both the lower branch of 0 and the upper branch of 0 lead to the middle node 0 1 1 .
Furthermore, and
are required to follow the inequality > 1 + > . Otherwise, there would be a profitable possibility of riskless investment.
Having the advantage of flexibility by utilizing real options means that each node where a real option is applicable now features two values: the first will be taken on by the project if the option is not exercised; the second one if it is. This leads to a situation in which low values in the lattice can be avoided (e.g. with an option to abandon, which limits the negative development for the respective node to the strike price) and that high values can possibly be increased even more (e.g. with an option 13 to expand, which shifts the limit for the positive development upwards). The manager can thus analyze the lattice node by node and decide where the exercising of an option is suitable by simply choosing to exercise it if its value at that point in time is higher than the original one.
This process has to be executed replicatively from the right-hand side of the lattice to the left, as Eq. (2) still needs to be fulfilled when the value of a node changes. Consequently, the change of a value on the lattice's right-hand side can lead to the variation of other nodes' values, resulting in another starting value 0 . If an option exists and can be executed, each node is calculated again individually, using the following equation (4):
where is the risk-neutral probability, defined as
A detailed derivation of these equations can be found, e.g., in Copeland and Antikarov [6] .
In order to keep track of the changes made and to be able to compare the different developments with and without option exercising, the creation of a second lattice using the above-mentioned equations is recommended.
Finally, the option value can be calculated as the difference between the first entries of the two resulting lattices.
Economic analysis of the Powership concept
In this section, the economic groundwork for the execution of a ROA is laid. To do so, data both from the company providing the concept for the Powership technology (Fischer & Partner, Bonn) and the literature will be used to calculate the project's NPV in a first step.
Assumptions and limitations
The Powership concept is currently still in an early development stage, making it hard to estimate all relevant data correctly. To be able to execute on ROA anyway, some assumptions concerning the economic environment must be made, which cannot be backed up completely with measured or derived scientific data. This fact limits the validity of the present analysis.
Offshore operation subsidies: the German subsidy system is based on fixed feed-in tariffs for renewable energies that are combined with a purchase guarantee: the network operators must prioritize electricity from renewable sources before that from conventional sources. Thus, the assumption will be 14 made that all the electric power produced in the Powership can be marketed at a fixed price. Tax: the calculation will be carried out under the assumption that apart from the German VAT of 19%, no more energy-related taxes are levied. That assumption holds for electricity which has been produced from renewable sources to date. However, as the share of renewables rises, the possibility of an additional tax on electricity and hydrogen cannot be excluded.
Permission and insurance:
the Powership is supposed to operate automatedly without a crew controlling it. Therefore, it must be assumed that permission to run unmanned ships offshore has been
given. The fact that the German government as recently as 2011 passed a law allowing and regulating the traffic of unmanned air vehicles [30] lets this grating of permission seem likely. In comparison, the risk caused by relatively slow vessels at sea seems manageable. Based on this, it is also assumed that insurance companies will agree to cover the operation of the ships.
Number of Powerships: as mentioned above, it is assumed that all produced electricity can be sold under the Renewable Energy Act. The demand, however, cannot go to infinity. Apart from that, the actual demand and therefore the number of Powerships to be built are difficult to foresee because of the early-stage development process. The presented model thus focuses on the operation of a single unit over its expected lifetime. Further research will have to be done to include economies of scale to form a more complete forecast. In order to reflect the non-manufacturing cost realistically, first-year operational cost, as estimated by Fischer & Partner, will be included as a one-time lump sum payable at the beginning of the project. As those costs would not occur again for each additional unit, further R&D costs will not be included in turn. , resulting in a total storage cost of €4,612,160 if a storage capacity corresponding to 24 hours of full-load operation at 2,320 kW electric power output is assumed.
Hydrogen storage: Concerning the actual production of hydrogen, an electrolyzer is needed, the cost of which is estimated by Nitsch et al. [9] at 600-800 € kW -1 . Based on this estimate, an average cost of 700 € kW -1 is chosen. Additionally, tanks, water filters and demineralizers, a generator, and pumps have to be supplied.
For the analysis, the utilization of N-ethylcarbazole will also be assessed. Its future cost is hard to foresee, since production to date has only taken place on the laboratory scale. Chemically, Nethylcarbazole is a hydrocarbon compound and can be found in crude oil and coal tar. Therefore, its cost is estimated at 2 € kg -1 , which is in the vicinity of the sales price of other hydrocarbons like petrol.
The total storage system cost adds up to €1,176,000 if a 1,500 kW electrolyzer is chosen.
An alternative approach suggested by the VDE (the German Association for Electrical, Electronic & Information Technologies) will also be included in out analysis for the purpose of comparison. In a recent study [10] , the VDE predicts that the cost of hydrogen production and storage will decrease from around 0.25 € kWh -1 today to 0.1 € kWh -1 (corresponding to 3.33 € kg 
Power generation efficiency, electricity and hydrogen prices
Fischer & Partner estimate the power available at the repeller shaft at full load at 2,320 kW. Following the different storage approaches mentioned above, that power can either be used to compress air or to produce hydrogen from electrolysis.
For the adiabatic storage of compressed air, an overall efficiency of the complete compressing and expanding process of 60% is assumed [10] .
In the hydrogen production and storage chain, each step involves efficiency losses. A typical generator reaches 90% efficiency, water electrolysis ca. 72%. The final storage and discharge losses in carbazole are around 32%, leaving an effective power for hydrogen production of 1,020 kW, which equals ca. 30.6 kg of hydrogen per hour at a lower heating value of 33.33 kWh kg -1 .
As mentioned in section 2.3.3, hydrogen allows for the use of different distribution channels, of which the direct sale will be analyzed here. Thereby, no additional investment cost for a fuel cell on land has to be taken into account. The sales price of hydrogen is set to 5 € kg -1 [33] .
When evaluating the performance of a wind power plant, the net capacity factor, i.e., the ratio of the actual and the nameplate capacity energy output over a certain time period, is a key number. In the present case, offshore wind parks can serve as evidence for estimating the capacity factor. Alpha ventus, the first offshore wind park in the German EEZ (cf. section 2), reached a capacity factor of around 50% in 2011 [34]. As described above, Powerships are mobile and can be relocated easily to spots with more favorable wind conditions. This possibility does not exist for conventional wind turbines, which suggests a modest increase of the estimated capacity factor. It is therefore estimated at 66% by Fischer & Partner.
The Powership concept represents a new technology which, until now, has not been tested commercially. To account for unplanned outages stemming from technological immaturities, a nonavailability of 20% is assumed as safety factor. Following general experience with wind turbines, operation and maintenance costs are set to 2% of the initial investment sum [35].
Calculation of the project's NPV
Using the numbers defined above for the three different storage solutions, their net present values can be calculated as explained in section 3.1 and reported in Table 1 . Note that the discount rate is set to 8% and annual payments are assumed. As can be seen, the resulting NPV is positive for all three systems, meaning that an investment should be made according to conventional investment valuation.
The calculation yields the highest NPV for the use of the carbazole-based storage solution, whereas the system based on compressed air delivers the highest annual cash flows but is thrown back by its high initial investment. Using the numbers suggested by the VDE returns both the lowest cash flows and the lowest NPV, because at an initial sales price of 5 € kg -1 , two thirds of the revenue are used to finance the storage. 
Real options valuation of the Powership concept
The net present value calculated in the preceding chapter does not reflect the uncertainties in the assumption which were made before. However, as the uncertainties bound to innovative R&D projects are not negligible, they will be identified and bundled into a single number -the volatility of the project's value return -by means of Monte Carlo simulation before the calculation of the actual value of an abandonment option is performed.
Identification of risks and managerial options
Some of the assumptions from section 4.1 need to be made in order to actually realize the project: for example, the assumption that an operating permit is granted. Others deliver a numerical estimate of a value, probability, or price rather than just the options "yes" or "no", which makes them more interesting candidates for a closer analysis. As both the cost of the Powership technology, its field performance, expressed by the capacity factor, and the sales and storage price of hydrogen are unknown, they will be investigated.
Monte Carlo simulation of the volatility
In order to merge all the project's uncertainties into a single factor, Monte Carlo simulation is used.
The simulation software applied is Crystal Ball ® by Oracle, which allows defining a probability distribution for each variable. Three of the four uncertainties (investment cost for the compressed air storage, hydrogen price, and hydrogen storage cost) are prices which can be assumed to be nonnegative. As the log-normal distribution complies with this and, in addition, is common in the evaluation of the change of stock market and price indices [36] , it will be used for the modeling of those uncertainties. In Crystal Ball ® , both the mean value and the standard deviation of the probability distribution can be chosen by the user. Fig. 9 shows an example of the assumed probability distribution for the price of the compressed air storage. The standard deviation was set to ca. 25% of the mean value in order to compensate for possible changes, both in the price per stored energy unit and the physically required storage capacity. Fig. 9 . Log-normal distribution expressing the price of the compressed air storage As described in section 2, hydrogen is widely regarded as a potential alternative to crude oil-based fuel. Therefore, the future standard deviation of the hydrogen price is assumed to correlate approximately with the historical volatility of petrol, which can be derived from historic data [37] , and is set to 30% of the mean value. The same applies for the storage cost of hydrogen. Note that the lognormal distribution cannot be used to model the capacity factor, because values above 100%, which are physically impossible, could occur. The distribution is therefore assumed to take on a triangular shape with a maximum at the mean value of 66% and linear slopes of the chosen minimum of 50%
and maximum of 80%, where the probability approaches zero (Fig. 10) .
Once all assumptions have been made, the standard deviation of according to Eq. (3) can be simulated. For this purpose, the software combines random pairs of values within the borders and probabilities given by the distributions defined previously. The number of simulation runs is set to 100,000. 
Creation of binomial lattices
With the standard deviations determined, the binomial lattices can be created. The excerpt of the binomial lattice for the compressed air storage system shown in Table 2 serves as an example; the complete lattices for the whole systems' lifetimes can be found in the appendix (Tables A.1 The first entry of the lattice is the project value at = 0, i.e., the sum of the foreseen cash flow discounted to that point in time. Starting from there, the recombining lattice is established using the factors and from Eq. 
The final upward and downward multiplication factors for the different storage alternatives considered are: The resulting binomial lattice has not yet taken managerial flexibilities into account. However, it does show the uncertainty associated with the development of the project value.
Insertion of a real option
Copeland and Antikarov [6] regard the abandonment option as significant, especially for risky R&D projects. As the case of a new energy conversion technology fits that definition, this type of real option was chosen to be investigated here.
To determine the options value, an assumption towards the expected possible strike price of the option has to be made. In the light of the foreseen development of energy markets, discussed in section 2, it is assumed that each Powership can be sold at its manufacturing cost, i.e., the sum of the individual storage cost and the cost of the ship. This seems reasonable because of the mobile character of the concept and the low expected infrastructure and installing costs in comparison with conventional wind energy technologies. The abandonment option will be applicable at each time step in the project's lifetime. It is executed when the expected income from the sale of the unit exceeds the original project value.
As mentioned in section 4.1, the produced number of Powerships is not addressed in the present work, which is why no expanding options are analyzed. However, further research might aim in that direction, for example, to investigate economies of scale.
Determination of the real option values
The value of the real option is calculated starting at the right side of the binomial lattice as described in The risk-free interest rate was chosen as 3%. For the exemplary calculation of the binomial lattice for the compressed air storage system, an excerpt is depicted in Table 3 (the full binomial lattice is reported in Table A .1 in the Appendix). 6,747,057 7,469,402 8,316,040 9,286,266 10,385,495 11,623,520 … 63,460,278 1 6,156,487 6,743,987 7,466,271 8,313,244 9,284,060 … 50,605,235 2 5,726,839 6,153,279 6,740,106 7,462,364 … 40,354,217 3 5,510,285 5,724,414 6,149,144 … 32,179,730 4 5,510,285 5,510,285 … 25,661,136 5 5,510,285 … 20,463 The last step consequently modifies Eq. (4) 
which is the calculation of the project value at = .
Just by looking at the revised binomial lattice, the purpose of the abandonment option as a tool which helps hedging against downside risks already becomes clear, if only qualitatively. As soon as the project value takes a turn which probably will prove to be unfavorable even in the long run, the abandonment option can be executed, thus limiting the project value at the downside to the initial manufacturing cost of the Powership. The quantitative option value can finally simply be calculated as the difference between the nodes at = 0 in the lattices with and without consideration of a real option. As shown in Table 4 , the insertion of an abandonment option significantly increases the NPV of all storage alternatives. 
Results and sensitivity analysis
The ROA yields a number of interesting results, which are discussed in the following.
NPV: even without the utilization of real options analysis, the returned NPVs for all three storage systems considered are positive, thus suggesting that the Powership concept can be economically feasible. It is found that the carbazole-based storage's NPV is the highest, followed by the compressed air system. This is especially remarkable because the compressed air system's NPV is calculated using a guaranteed feed-in tariff above the average market price. Despite the disadvantage of being subject to market risks, the expected NPV of the carbazole-based technology is higher, and the project therefore more favorable from an economic point of view. However, the uncertainty in the sales price of hydrogen might change that result.
The solution based on the VDE's assumptions concerning hydrogen storage cost in the future returns the lowest NPV due to the high share of storage cost in the end-user price. Consequently, the yearly cash flows are lower compared to the other systems, which cannot be compensated by the lower initial investment. The reason behind this that can be found by analyzing the influence of the individual uncertainties on the different storage systems. Crystal Ball ® features a built-in sensitivity analysis, which displays the rank correlation coefficients between the assumptions and the forecasts. A high correlation coefficient expresses a strong impact of the assumption on the forecast. If the correlation coefficient is negative, an increase of the assumption value will cause a decrease of the forecast value.
Risk analysis in binomial lattices
As the Powership's concept and purpose, independent of the choice of a certain storage system, is to generate usable energy from wind, it is intuitively clear that the capacity factor has an impact on the project value and thus must correlate with . In fact, that conclusion is true for all three analyzed storage systems (Fig. 11) . As can be seen, for the CAES system, the influence of the capacity factor has the higher correlation of the two assumptions connected to the forecast. The main reason is that the sales price of electrical energy was assumed to be fixed due to the feed-in tariffs granted (i.e. a guaranteed price over 20 years!) and, therefore, does not represent an uncertainty. The air storage cost plays a less important role. For the two hydrogen-based systems, the sales price is variable and correlates strongly with the variation in the project value.
The system based on the VDE's numbers uses the hydrogen storage cost as an additional assumption which finally explains that solution's extraordinarily high standard deviation and the resulting upward and downward factors: the average hydrogen sales price in the analysis was set to 5 € kg -1 with a standard deviation of 30% or 1.5 € kg -1 , whereas the average storage cost was assumed to be 3.33 € kg -1 with the same relative standard deviation. That combination allows for many value pairs close to zero for the net sales price, which in the static case would turn out to be (5 € kg -1 -3.33 € kg Real options value: since all three investigated NPVs rise through the insertion of a real option, the overall investment is considered to be more valuable. However, this does not mean that the project will definitely be profitable. It merely means that the start of the project implementation is sensible due to the reversibility added by an abandonment option.
The magnitude of the NPV's rise due to the insertion of the abandonment option differs significantly depending on the chosen storage solution. Whereas the rise for storage in compressed air and carbazole amounts to 7.0% and 9.1% of the original NPV, respectively, it reaches 68.6% for the calculation based on the VDE numbers. Even in absolute numbers, the option value is highest for that 24 storage system. This is noteworthy because the strike price of its abandonment option, represented by the manufacturing price of ship and storage system, is considerably lower than for the other two systems (€898,125 vs. €2,074,125 and €5,510,285, respectively).
The reason for the high option value lies in the uncertainty bound to the storage system: the high volatility as explained above results in a wide-spread distribution of the lattice's extreme values, which in the present example makes the execution of the abandonment option more attractive for hedging against downside risks.
Thus, it can be stated that the use of real options makes most sense in those projects and economic environments with high uncertainties.
Conclusion
The introduction of a completely new technology to the market is always associated with high uncertainties both concerning the R&D and the market risk. This can challenge the validity of conventional valuation methods, such as the net present value approach.
Furthermore, these approaches do not take into account that management might have the possibility to react to changes in the economic environment mid-way through the process. Real options analysis attempts to model both the uncertainties associated with an investment and the value of the managerial flexibility. In the case of Powerships, which represent an innovative power generation technology, the manufacturing, operating, and maintenance costs as well as the amount and sales price of the final product are uncertain.
In this paper, the use of real options analysis has been investigated as a method of valuing an investment in the Powership concept, which can be implemented in three ways using different types of 
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Once implemented, it provides a detailed investment strategy which can be modified at different points in time and is therefore suitable to evaluate the economic feasibility of innovative technologies.
The Powership concept itself looks promising from a techno-economic point of view. According to the results of the executed calculations, the technology could work profitably in the future and thereby help to increase the share of renewables in the energy mix. 
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